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Aspiration pneumonia (AP), which develops after the aspiration of oropharyngeal contents, differs from aspiration pneumonitis, wherein inhalation of gastric contents causes inflammation without the subsequent development of bacterial infection \[[@CR1], [@CR2]\]. Because the prognosis of AP as well as aspiration pneumonitis is poor in patients with advancing age, it is difficult to examine the novel therapeutic intervention inducing new drugs for the efficacy on their prognosis in older humans. Animal models of various types of pneumonia are increasingly being utilized in medical research and are responsible for accelerated progress in the treatment of pneumonia and drug development. Because the AP and aspiration pneumonitis are primarily caused by aspiration and swallowing disorder, their animal models should have features of dysphagia animal models in addition to models of respiratory tract injury and infection.

Need for Animal Models of AP and Aspiration Pneumonitis {#Sec2}
=======================================================

Swallowing disorders and aspiration are often found in elderly subjects and patients with chronic pulmonary diseases \[[@CR3]--[@CR5]\]. Matsuse T and coworkers have demonstrated that recurrent silent aspiration causes a chronic inflammation of bronchioles accompanying a foreign body reaction in older humans \[[@CR6]\]. Although many pulmonologists and geriatricians have recognized that silent aspiration and swallowing disorder might be very important for the pathogenesis of aspiration pneumonia and aspiration pneumonitis in older patients \[[@CR7], [@CR8]\], the precise mechanism of swallowing abnormality, the relative importance of the effect of age on dysphagia, and the effect of central depressants on aspiration have not been fully elucidated. In addition, suitable animal models for examination of the mechanism of both silent aspiration and massive aspiration such as Mendelson's syndrome have not been well established. Several investigators have shown that aspiration of radiolabeled oropharyngeal secretions into the lungs occurs in humans \[[@CR5], [@CR9], [@CR10]\]. These studies suggested that oropharyngeal secretion aspirated to the lower airways during night but did not reveal the pathologic interaction between the aspirate content and airway epithelial infection processes. These studies revealed one aspect or one process in the development of aspiration pneumonia caused by swallowing disorder. Because silent aspiration does not always cause pneumonia, the study of aspiration or dysphagia alone does not provide sufficient information for examining the pathophysiologic mechanism of aspiration pneumonia.

On the other hand, animal models of aspiration pneumonitis have been widely studied. Acid pneumonitis spans the clinical spectrum from asymptomatic to acute respiratory distress syndrome (ARDS), characterized by neutrophilic alveolitis, and injury to both alveolar epithelium and vascular endothelium \[[@CR11], [@CR12]\]. Although human studies of ARDS patients have provided us with valuable information about the physiological and inflammatory changes in the lung caused by ARDS, it is difficult to determine the etiology of ARDS, and a wide range of pathophysiology have resulted in a lack of critical information that could be useful in developing therapeutic strategies. Numerous biomarkers have been studied in the context of aspiration-induced lung injury in humans and animals \[[@CR13]\]. In Table [14.1](#Tab1){ref-type="table"}, there are potential biomarkers for aspiration that have been studied in humans \[[@CR12]\]. However, these markers are not enough to analyze the pathophysiology of aspiration lung disorders. Thus, animal models of aspiration pneumonitis have more advantages to examine the relationships between etiology and biomarkers in the lungs.Table 14.1Candidate biomarkers of gastric aspirationBiomarkersSummary of clinical dataMeritDemerit*Pepsin in BAL fluid*Elevated in ICU population with subsequent pneumonia \[[@CR14]\]Easy to perform under intubated patientsNot easy to perfume under general conditionHalf-life of pepsin is short*Lipid-laden macrophage*Increase with gastric aspiration in a number of studies \[[@CR15]--[@CR17]\]SemiquantitativeNonspecific*Soluble-TREM-1*Single study reported higher levels in aspiration vs. non-aspirated patient groups \[[@CR18]\]Standardized measurement available for serumIncreased in trauma, infectious pneumonia \[[@CR19], [@CR20]\]*C-reactive protein(CRP)*Elevated in aspiration pneumonitis and pneumonia but cannot be used to distinguish them \[[@CR21]\]Easy to measureNonspecific*Procalcitonin(PCT)*Tested positive in aspiration patients vs. non-aspirated group \[[@CR22]\]N-terminal procalcitonin elevated in aspiration patients \[[@CR23]\]Widely availableMuch higher levels were observed in other infections*BAL* bronchoalveolar lavage fluid, *Soluble-TREM-1* soluble-triggering receptor expressed on myeloid cells 1

Animal Models of Aspiration Pneumonia (AP) {#Sec3}
==========================================

As we mentioned in the above sentences, appropriate animal models of aspiration pneumonia are useful to explore the mechanism of aspiration and aspiration-induced pneumonia. For the purpose of elucidating the role of disturbed upper airway reflexes in foreign body aspiration into lower airways, we administered an adenovirus (Ad) vector consisting of E1-deleted recombinant adenovirus carrying the *Escherichia coli* LacZ gene intranasally to mice or guinea pigs with or without anesthesia \[[@CR24], [@CR25]\]. Because the Ad vector is known to infect airway cells and to express the *E. coli* LacZ gene in epithelial cells, the distribution in airways of intranasally administered solution containing Ad vectors can be identified by blue staining of LacZ with X-gal staining. In mice given Ad vector, but not phosphate-buffered saline (PBS), intranasally during anesthesia, there was LacZ gene expression in the nostrils, trachea, and lungs, suggesting that with X-gal staining, blue-stained cells indicated transferred LacZ gene expression (Fig. [14.1](#Fig1){ref-type="fig"}). These results suggested that aspiration of intranasal solution into lower airways was caused by disturbed upper airway reflexes during anesthesia. This process can be analyzed by the distribution of LacZ gene expression in airways. Further, these phenomena were observed in older animals even under light anesthetic condition, suggesting that aged animals are likely to aspirate oropharyngeal secretions during sedation and/or anesthesia. This novel model of aspiration, generated with the Ad-CMV-LacZ vector, may be useful for elucidating the mechanism of development of aspiration pneumonia in relation to age-related impairment of upper airway reflexes \[[@CR24], [@CR25]\].Fig. 14.1Nostril and tracheal histology findings in 3-mo-old C57BL mice after intranasal administration of E1-deleted adenoviral vector (Ad-CMV-LacZ) with or without pentobarbital anesthesia. Awake mice were given PBS in place of pentobarbital sodium; anesthetized mice given pentobarbital sodium (5 mg/100 g body weight) intraperitoneally. Histologic sections were stained with X-gal and H&E. Original magnification: lower magnification, 340; higher magnification, 3200. Blue-stained cells were considered to express LacZ gene \[[@CR25]\].

Prass K et al. have reported the other candidate model of aspiration, which is applied for the experimental stroke in mice induced by occlusion of the middle cerebral artery (MCAO) \[[@CR26]\]. Aspiration pneumonia was caused by intranasal application of a small amount of *Streptococcus pneumoniae* in phosphate-buffered saline 4 or 14 days after MCAO. Aspiration pneumonia in the stroke animals outlasted pathophysiologic state of acute stroke but was preventable by beta-adrenoreceptor blockade suggesting that immunodepression by sympathetic hyperactivity is essential for progression of bacterial aspiration to pneumonia (Fig. [14.2](#Fig2){ref-type="fig"}) \[[@CR26]\]. It has been suggested that stroke-associated immunodepression increases the susceptibility to infection. However, it has also been reported that immunodepression following stroke may also have beneficial effects on the prognosis of stroke. Thus, before immunomodulatory therapy can be applied to stroke patients, we need to understand better the interaction of the brain and immune system after focal cerebral ischemia. In the experimental data, cilostazol, which is a phosphodiesterase III inhibitor, increases cAMP-responsive element binding protein (CREB) phosphorylation, leading to upregulation of several apoptotic gene and dopaminergic genes \[[@CR27]\]. The CREB phosphorylation and increased expression of dopaminergic genes are involved in the improvement of swallowing function though in the increase of substance. Actually, in an animal model of ischemic stroke, cilostazol induced the increased levels of substance P and restores swallowing function in the animals \[[@CR28]\]. Inversely, blockade of dopamine D1 receptors decreased substance P content in the laryngeal and pharyngeal mucosa, resulting in the impaired swallowing function in animals. Although extrapolation of these experimental results to the clinical situation must be performed with caution, the growing insight into these mechanisms may open new therapeutic avenues in the treatment of patients sustaining a stroke with aspiration pneumonia.Fig. 14.2Aspiration pneumonia in stroke but not in sham animals. (**a**) Histologic examination of the brain. Coronal sections of hematoxylin and eosin-stained mouse brain 72 hours after middle cerebral artery occlusion showing the infarction area. Lung histology of (**b**--**d**) sham and (**e**--**g**) stroke mice 18 hours after intranasal application of *S. pneumoniae*. Representative 12 μm sections of hematoxylin and eosin-stained lungs from (**e**--**g**) middle cerebral artery occlusion but not from (**b**--**d**) sham animals revealed signs of severe bacterial pneumonia characterized by (**e** and **f**) lobar consolidation, edema, necrosis, and neutrophilic infiltrates (**e** and **f**). Magnifications = (**b** and **e**) 25-fold, (C and F) 100-fold, or (**d** and **g**) 400-fold. Slides are representative of seven mice per group \[[@CR26]\].

Animal Models of Aspiration Pneumonitis {#Sec4}
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Acid pneumonitis is a major cause of sterile acute lung injury (ALI), resulting in ARDS, characterized by neutrophilic inflammation and alveolar epithelial injury in humans. This type of aspiration lung injury is categorized as chemical pneumonitis or aspiration pneumonitis \[[@CR11]\]. Acid aspiration pneumonitis also induces extrapulmonary organ injury \[[@CR29], [@CR30]\]. The acidic component of the gastric aspiration contributes to both the pneumonitis and predilection to develop a secondary bacterial pneumonia. Aspiration pneumonia is also one of the leading risk factors for ALI and subsequent development of ARDS \[[@CR12]\].

Translational animal models are valuable when their pathogenesis and pathophysiology accurately reproduce a concept proven in clinical settings. The murine acid aspiration model recreates a pathogenic scenario that reproduces the low pH pneumonitis injury in humans.

In our experiences, an animal model by administering hydrochloric acid (HCL) intratracheally to rats every 2 days for 2 weeks does not cause pneumonia \[[@CR31]\]. There is no increase of lung free cells, TNFα production, and elastase-like activity in this animal model. However, Alluri R et al. reported that acid aspiration caused significant leakage of serum proteins into the airways in open tracheostomy gastric acid aspiration murine model. Albumin concentration in the BAL was increased following acid aspiration compared to normal saline (NS) controls at 2 hours and 5 hours (Fig. [14.3](#Fig3){ref-type="fig"}) \[[@CR32]\]. They also reported that necrotic cells, loss of lung parenchymal architecture, cells and debris within airspaces, and significant polymorphonuclear leukocyte infiltration are observed in the animal model. Chiang SR et al. also found that 0.1 N acid aspirations alone directly induce lung injury but that the histopathological abnormal alterations of the lungs were not obvious in the mice. On the other hand, 0.1 N acid aspirations plus the inoculation of bacteria such as *Acinetobacter* into trachea caused considerable inflammation in the lungs of the same strain of mice \[[@CR33]\]. Nagase et al. also reported that acute lung injury induced by acid aspiration of 2 mL/kg HCl (pH = 1.5) was slightly observed in control mice but severely observed in a disrupted cytosolic phospholipase A2 (cPLA2) gene \[[@CR34]\]. The proteins of cPLA2 gene may have a preventable role in acid aspiration-induced lung injury. Tavares A H et al. have recently reported that 2.5 mL/kg of intrabronchial HCl produced substantial yet sublethal acute lung injury in mice but lower doses of HCl did not result in reproducible and homogenous lung injury \[[@CR35]\]. Thus, acid aspiration alone caused transient lung inflammation, but the injury is limited and recovered.Fig. 14.3Albumin leakage into airways following acid aspiration. Albumin concentration of cell-free BAL fluid from C57BL/6 mice at 2 hours and 5 hours post-acid aspiration. Acid aspiration was compared to 5 hours NS aspiration control (*n* = 9) using an unpaired t-test. Error bars indicate SEM. ∗ = *p* \< 0.05 \[[@CR32]\].

Aspiration of gastric contents induces not only severe pneumonitis but also large airway damages. This condition was determined as Mendelson's syndrome \[[@CR36]\]. Mendelson's syndrome is chemical pneumonitis or aspiration pneumonitis caused by aspiration during anesthesia, especially during pregnancy. The condition is severe pneumonitis, but not bacterial pneumonia-like aspiration pneumonia. The lung can be injured directly, such as in pneumonia or with gastric acid aspiration, or indirectly \[[@CR37]\]. The condition is closely related to acute respiratory distress syndrome (ARDS) \[[@CR38]\]. It is important to develop and characterize an animal model of gastric acid aspiration. Maximal nonlethal lung injury in mice occurs after aspiration of 3.6 mL/kg of pH 1.25 HCl, which simulates gastric acid \[[@CR39]\]. Gastric acid aspiration alters alveolar fluid clearance independent of pulmonary blood flow or vascular filtration \[[@CR40]\]. Histologic characteristics of the gastric acid aspiration are an acute inflammatory alteration with patchy areas of neutrophilic inflammation, alveolar hemorrhage, and intra-alveolar and interstitial edema. The murine gastric acid aspiration model presented here using HCL employs an open tracheostomy and recreates a pathogenic scenario that reproduces the low pH pneumonitis injury in humans. Additionally, this model can be used to examine the interaction of a low pH insult with other pulmonary injurious entities including food particles and bacteria.

Chen Z et al. demonstrated that vagotomy decreases the neuronal activities of the medulla oblongata and alleviates neurogenic inflammation of airways induced by repeated intraesophageal instillation of HCl in guinea pigs \[[@CR41]\]. This indicates that modulation of neuronal activities is a therapeutic option for neurogenic inflammation of airways following HCL exposure.

Conclusion {#Sec5}
==========

The risk of aspiration pneumonia increases in older adults, which is particularly relevant in the rapidly aging society of developed countries. Animal models of AP and aspiration pneumonitis are useful to examine the mechanism of aspiration-associated lung disorders in vivo. It is not easy to examine the acute therapeutic modality for AP and aspiration pneumonitis in humans. We have developed a novel animal model of aspiration and AP using recombinant E1-deleted Ad vectors under anesthesia. The other candidate model of aspiration was applied for the experimental stroke in mice induced by occlusion of the middle cerebral artery. As an animal model of aspiration pneumonitis, several types of animal models of acid aspiration are available using a wide range of developed transgenic models. We should further examine the mechanism of aspiration-associated lung disorders using a wide variety of animal models of AP and aspiration pneumonitis.
